Risk assessment of debris flow is a complex problem involving various uncertainty factors. Herein, a novel asymmetric cloud model coupled with connection number was described here to take into account the fuzziness and conversion situation of classification boundary and interval nature of evaluation indicators for risk assessment of debris flow hazard. In the model, according to the classification standard, the interval lengths of each indicator were first specified to determine the digital characteristic of connection cloud at different levels. Then the asymmetric connection clouds in finite intervals were simulated to analyze the certainty degree of measured indicator to each evaluation standard. Next, the integrated certainty degree to each grade was calculated with corresponding indicator weight, and the risk grade of debris flow was determined by the maximum integrated certainty degree. Finally, a case study and comparison with other methods were conducted to confirm the reliability and validity of the proposed model. The result shows that this model overcomes the defect of the conventional cloud model and also converts the infinite interval of indicators distribution into finite interval, which makes the evaluation result more reasonable.
Introduction
Debris flow is a common natural hazard that frequently appears in the mountainous region of southwestern China, such as Gongshan district and Dongchuan district in Yunnan province, and Ridigou district in Sichuan province. Its occurrence is difficult to accurately predict due to complex nature and outbreaks of sudden, ferocious, and swift characteristics [1] . Debris flow often results in heavy casualties and property losses and brings great harm to the state of regional development and public safety, so it is a serious impediment to social and economic development in mountain areas. Consequently, risk assessment of debris flow has been a major concern for forecasting and prevention work.
Systematic observation and research on debris flows have been carried out since the 1970s [1] . Generally, the hazard grade of debris flow, which is defined as the magnitude and frequency of occurrence of debris flow, is used to assess the risk of debris flow, but it involves many uncertainty factors including internal and environmental factors [2] . Thus, sometimes the single attribute method or simple methods cannot meet the requirements of actual conditions and did not produce reliable and stable results. So researchers endeavored to present various methods for the rational prediction of debris flow, such as grey relational analysis method [3] , extension method [4, 5] , fuzzy comprehensive evaluation method [6] , and BP neural network method [7] , and obtained many useful results. And geographic information system (GIS) technology has also been introduced into the assessment of debris flows in recent years [8, 9] . On the other hand, those methods were of their own disadvantages. For the grey relational analysis method, rational results might not be obtained due to the fluctuation of the evaluation index value. Some constraint conditions might be missed in extension method; it would lead to the deviation of evaluation results. Fuzzy set method was often affected by the rational definition of membership function. The major shortcoming of BP neural network method was its inability to present an explicit relationship between debris flow and evaluation parameters with rank potential and its application was limited by knowledge acquisition. The mapping approach which used GIS technology might be arbitrarily different in the discrete risk assessment of debris flow system. Overall, whereas these researches have advanced the risk assessment of debris flow, it is still not well resolved nowadays since debris flow evaluation involves various uncertainty influence factors. The newly developed cloud model theory shows its advantage in dealing with the uncertainty problems [10] ; the certainty degree of the measured sample to classification grades is generated automatically by the special algorithm, which avoids the defect of determining the certainty degree subjectively and considers the fuzziness and randomness of evaluation indicators as a whole and achieves the qualitative and quantitative conversion, so it provides a new idea for assessment risk of debris flow. However, there is an obvious defect in the conventional cloud model that indicators must obey normal distribution and locate in infinite interval; this is not always in accordance with the actual indicators distribution, which inevitably limits its application.
The main objective of this paper is to introduce the asymmetric connection cloud method based on coupling set pair analysis and cloud theory for the evaluation of debris flow hazard risk and conquer the application limitation of conventional normal cloud model. The proposed method can describe dialectically the certainty and uncertainty relationships between the measured evaluation indicators and each classification standard in a unified way and also expresses conversion tendency of classification boundary. Moreover, a practical example is given to investigate the feasibility and effectiveness of this method.
Theory

Cloud Model.
Cloud theory put forward by Dr. Li [10] is a kind of conversion model between nature variable and quantity variable based on the probability theory and fuzzy set theory. It is widely adopted to analyze the engineering problems with characteristics of fuzziness and randomness. The production of cloud drop is the key content of cloud model since the certainty degree of cloud drop can embody the fuzziness and randomness of uncertainty problem, which can quantitatively describe the qualitative concept from a unified perspective. The conventional algorithm of normal cloud is defined as follows: denote C as a qualitative concept in quantitative domain Y. Quantization value ∈ Y is a random realization of concept C in domain Y. Denote ( ) ∈ [0, 1] as the certainty degree of representing qualitative concept C.
( ) is a random number with stable tendency. There is :
, the certainty degree of is calculated with
where , , and 2 , are expected value, entropy, and hyper entropy. However, the obtained normal cloud mapping is in an infinite interval, has an inability to reflect the characteristic of evaluation indicators in a finite interval, and neglects the uncertainty relationship and conversion tendency between the classification grades, which makes the evaluation results deviate from the actual situation and makes invalid for forecasting and prevention of debris flow. To overcome these shortcomings of the conventional normal cloud model, the identical, discrepancy and contrary (IDC) concept based on set pair theory was introduced to improve the normal cloud and deal with the certainty and uncertainty relationship between the risk grades and evaluation factors.
Set Pair Analysis.
Set pair theory is a novel analytical method for systematic problems of uncertainty [11] [12] [13] [14] [15] [16] . Both the dialectical law of the unity of opposites in philosophy and principle of universal connection are given consideration to depict uncertainty problems; the corresponding mathematical model is
where denotes the quantitative expression for set pair relationship, , , and are identity degree, discrepancy degree, and contrary degree, respectively, and + + = 1.
is the discrepancy coefficient within
is the contrary coefficient and generally specified as −1. Obviously, uncertainty and certainty of interaction and transformation can be treated dialectically by IDC analysis as a whole in set pair theory, which can comprehensively describe the complexity and diversity of dynamic uncertainty problem.
Development of Asymmetric Connection Cloud
Asymmetric Connection Cloud Model.
The asymmetric connection cloud can be defined as follows: denote C as a qualitative concept in quantitative domain Y, quantization value ∈ Y is a random realization of concept in domain Y, and the certainty degree of is
Assume that the classification standard can be divided into evaluation grades ( = 1, 2, . . . , ), each grade has evaluation indexes ( = 1, 2, . . . , ), the cloud mapping of grade for index consists of both left and right half of asymmetric connection cloud with the boundary of expected value , and cloud drop is obtained by the digital feature values ( , , , , ) and the number of cloud drop , which can be calculated by
= lg 0.5
Mathematical Problems in Engineering 3 where , , and are expected value, entropy, and hyper entropy of left interval or right interval of grade in asymmetric connection cloud, respectively; and are half-interval length and modified half-interval length; locates in interval [ − , ] when denotes modified left half-interval length; while locates in interval [ , + ] corresponding to denoting for the modified right half-interval length, in which is generated by normal distribution, ∼Normrnd ( , 2 ). max and min are, respectively, the upper limitation and lower limitation of interval in the ith evaluation grade. is atomization parameter and amended by the fuzzy degree; = 0.01 in this paper. is the order of corresponding distribution density function.
To quantitatively describe the transform tendency for evaluation results in each classification grade, the concept of certainty degree is adopted to analyze the possibility for index value in each class, and define the certainty degree of the boundary value of indicator interval for grade in grade and − 1 or + 1 as the same. So the possibility of the boundary value of indicator interval in grade equals that not in grade ; then the discrepancy degree in set pair analysis has an ability to describe this sort of uncertainty relationship and depict the transform tendency for identical degree or contrary degree. Therefore, the acquired certainty degree in [0.5, 1] based on asymmetric connection cloud can be defined as identical; the certainty degree in (0, 0.5] is defined as discrepancy; the certainty degree of 0 can be defined as contrary.
Actually, the asymmetric connection cloud model can take indictors distribution characteristic into consideration in the process of evaluation since the boundary interval and middle interval often show different distribution types, such that the distribution of the half-interval in boundary interval faring away the middle interval does not always obey normal distribution, while it obeys uniform distribution with the certainty degree for 1. Besides, the conventional cloud model has an inability to deal with the evaluation index interval with the formation [ min , +∞] or [−∞, max ]; also the boundary intervals belong to asymmetric distribution, while the mid value based on connection cloud model can be determined by both the left or right half-interval length and the symmetric point and denotes the upper limitation or lower limitation for the asymmetric interval. The evaluation index value shows monotonic increasing formation; the upper limitation value in the grade is determined by the following equation. Then, the certainty degree can be calculated by the above formula.
Evaluation Procedures.
The evaluation procedure with the model of asymmetric connection cloud is as follows. First, the length of left half-interval − and the length of right half-interval − are calculated according to each grade of evaluation index standard.
Then, the corresponding digital feature values in left and right half-interval are determined.
Next, random number in a finite interval based on MATLAB program is obtained and the asymmetric cloud model of each evaluation index in various classification grades is simulated.
Finally, certainty degree of evaluation indicators in each class of evaluation sample is given, and combine indicator weights to calculate the integrated certainty degree.
Therefore, risk grade of evaluation sample is determined by the maximum integrated certainty degree.
Evaluation
There are two types of evaluation indicators; for the first type of indicator which is defined for maximum -optimum index, corresponding lengths of left half-interval and right half-interval are given as
The second type of evaluation indicator is defined for minimum -optimum index; corresponding the lengths of left half-interval and right half-interval are given as
Certainty degree of evaluation indicators in each grade of evaluation sample is given according to (10) ; then combine indicator weights to calculate evaluation samples' integrated certainty degree to each class, shown as follows:
where , is integrated certainty degree for the sample in grade and , is corresponding indicator weight. The class is determined by the maximum integrated certainty degree; the criteria can be given as
where is the evaluated class.
Case Study
In order to verify the validity and feasibility of this proposed model, the data of literature [17, 18] were used to conduct the analysis. The scale of debris flow, debris flow activity frequency, watershed area, length of the main channel, the largest relative height of watershed, cutting density of watershed, bending coefficient of the main channel, length ratio of sediment supply, maximum 24 h rainfall, and population density of watershed were selected as the evaluation indicators. Risk grade was divided into low risk (I), medium risk (II), high risk (III), and extremely high risk (IV). The classification standard and the measured values of evaluation indexes were listed in Tables 1 and 2 .
Based on the proposed model, corresponding digital feature values ( , , , , ) to each grade for evaluation indicators were calculated by (4)∼(8) and (11); then 2000 cloud drops of left half-interval and right halfinterval stimulated by a MATLAB program were obtained according to (3) , so the asymmetric connection cloud mapping can be depicted from Figures 1(a)-1(j) . Table 3 .
To better understand the whole calculation process of integrated certainty degree of measured samples, now take the indicator of bending coefficient of the main channel from the sample 2 ( 0 = 1.28), for example, to illustrate evaluation process of debris flow risk grade.
First, the grade (I) of the seventh indicator can be determined for [0, 1.1] by the actual situation (the value of bending coefficient must not be less than 0), so the corresponding expected value = (0 + 1.1)/2 = 0.5500 by (4); then expected values of the grade (II) and (III) were determined for 1.1750 and 1.3250; the upper limitation value mid = 1.55 of the grade (IV) was obtained by (9) , so the expected value was 1.475.
Then, the asymmetric connection cloud of grade (II) for the bending coefficient indicator was illustrated to calculate the corresponding certainty degree. The expected value of grade (II) had been calculated for 1.1750; then lengths of left half-interval − and right half-interval − were determined for 1.1750 and 0.2250 by (11) . The orders of corresponding distribution density function in both left and right interval were 169.7823 and 5.8849 by (8) .
Next, entropy and hyper entropy of left interval and right interval were 0.0635 and 0.0585, 0.0006, and 0.0006 by (5) and (6) Then, next, the digital characteristic value of different interval was obtained for 0.0635 and 0.0578 according to the known and .
Finally, the modified lengths of left half-interval − and right half-interval − were 1.1760 and 0.222 by (6) . The corresponding asymmetric connection cloud mapping of grade (II) based on a MATLAB program was obtained by the cloud digital characteristic values and was shown as Figure 1(g) . And other cloud mappings were also depicted by the same method. The certainty degree 2,27 to the grade (II) for the 7th index of sample 2 was determined for 0.2411 by (10) , and certainty degree for other grades could also be calculated as 2,17 = 0, 2,37 = 0.7919, and 2,47 = 0.003, respectively. The results indicated that the choice for the 7th index of sample 2 ( 0 = 1.28) determining risk grade (III) was the optimal; then the good choice was decided for risk grade (II) and the bad choice was defined for risk grade (IV), while the choice for risk grade (I) was the worst. The certainty degrees of the other indicators for vary grades were also determined; then combine the corresponding indicators weights and the integrated certainty degree was calculated by (13) ; the risk grade of measured sample was obtained by (14) .
It was found from Table 3 that the results from the proposed model were almost same as those from the extension method and combined weights method and cloud model method. For sample 4, there were five indicators whose measured values located in high grade, and only two indicators located in the medium grade; meanwhile weights of these five indicators are high, so it was more reasonable to specify it as high risk. Besides, for sample 5, the result of the proposed method was high risk, but medium risk by other methods. However, among measured evaluation index values for sample 5, indicators for C 2 , C 6 , and C 8 were in high risk grade, and indicators for C 5 , C 9 , and C 10 were in extremely high risk To compare and analyze asymmetric connection cloud and conventional cloud model, now take the indicator of maximum 24 h rainfall; for example, the results of cloud mapping based on conventional cloud model method and asymmetric connection cloud method were shown in Figure 2 . It can be seen that the simulation value of indicator based on connectional cloud model may go beyond the range of measured value, more obviously in two-side interval, which is unreasonable with physical truth. Besides, the certainty degree of boundary value of two adjacent indicators according to conventional cloud model was vague and uncertain. However, the asymmetric connection cloud model can better avoid the above-mentioned drawbacks and also, combined with the IDC principle based on set pair theory, can convert the infinite interval of indicators distribution into finite interval, which makes the evaluation results more reliable and reasonable. And the certainty degree for 0.5 with boundary value of two adjacent indicators based on asymmetric connection cloud method can also be defined.
Conclusions
Risk evaluation of debris flow is a complicated and uncertainty problem since it is affected by various uncertainty factors. Based on measured values of evaluation indicators, the asymmetric connection cloud was discussed to analyze the risk grade of debris flow in this paper. And case study and comparison with the extension method and combined weights method were also conducted. The results indicated that this proposed method can take the set pair analysis theory into consideration for depicting the asymmetric connection cloud mapping and can quantitatively describe certainty and uncertainty relationship between evaluation indicators and classification standard in a unified way. Besides, it can avoid the limitation for index definitely in the form of normal distribution in the conventional normal cloud and 
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